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(57) ABSTRACT 

Distance and velocity measuring at a plurality of objects 
using FMCW radar includes repeating measurements using 
different frequency ramps and including mixing transmitted 
and received signals, and recording the mixed signal’s 
spectrum. A matching includes recording spectra peaks for 
ramps, if belonging to the same object, allocating them to 
each other, and calculating distances and velocities from 
peak frequencies. A tracking includes identifying With one 
another objects measured at various times based on distance 
and velocity consistency. Each measuring cycle includes 
less than four measurements With different frequency ramps. 
For each plausible tWo peak combination recorded, respec 
tively, during ?rst and second measurements of a cycle, 
distance and velocity of one possible object represented by 
these peaks are calculated. A measurement’s anticipated 
result, is calculated from distance and velocity of the pos 
sible object, discarded if an anticipated result does not agree 
With the measured result. 

5 Claims, 15 Drawing Sheets 
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METHOD FOR MEASURING DISTANCES 
AND SPEEDS OF SEVERAL OBJECTS BY 

MEANS OF AN FMCW RADAR 

FIELD OF THE INVENTION 

The present invention relates to a method for measuring 
distance and velocity at a plurality of objects using FMCW 
radar. 

BACKGROUND INFORMATION 

Discussed herein is a method for measuring distance and 
velocity at a plurality of objects using FMCW radar, in 
Which: 

measurements are repeated cyclically With at least tWo 
different frequency ramps, 

in each measurement, the transmitted signal is mixed With 
the received signal, and the spectrum of the mixed 
signal is recorded, 

in a matching procedure, the peaks that are in the spectra 
recorded for various ramps and that belong to the same 
object are allocated to each other, and the distances and 
velocities of the objects are calculated from the fre 
quencies of the peaks, and 

in a tracking procedure, the objects measured at various 
times are identi?ed With one another on the basis of the 
consistency of their distance and velocity data. 

In particular, discussed herein is a method of this type 
Which is used in ranging systems or distance-control systems 
for motor vehicles. 
From practice, a distance-control system, a so-called ACC 

(adaptive cruise control) system for motor vehicles is knoWn 
Which Works With an FMCW (frequency modulated con 
tinuous Wave) radar. The functioning principle is described 
in Winner: “Adaptive Cruise Control”, Automotive Elec 
tronics Handbook, published by Ronald K. Jurgen, 2'” 
edition, McGraW-Hill Inc., Chapter 30.1 (1999). The radar 
Waves are emitted continuously, and the frequency is modu 
lated in accordance With a ramp function made up of a 
cyclical sequence of four ramps having different slopes. The 
ramps form tWo pairs, each made up of a rising and a falling 
ramp. The amounts of the slopes are identical Within each 
pair, but differ from pair to pair. By mixing the transmitted 
signal With the received signal, Which is obtained by re?ec 
tion of the radar Waves at a plurality of objects, a loW 
frequency signal is formed Whose frequency corresponds to 
the difference betWeen the frequency of the transmitted 
signal and the frequency of the re?ected signal. In each 
individual measurement, the spectrum of the loW-frequency 
signal is recorded during the duration of one frequency ramp 
With constant slope. In this spectrum, each object is repre 
sented by a peak Whose frequency f, according to the 
folloWing equation, is a function of the distance d and the 
velocity v (relative velocity) of the object: 

Meanings of equation terms: 
f peak frequency in the loW-frequency signal 
F frequency deviation (frequency at the end of the ramp 

frequency at the beginning of the ramp) 
c speed of light 
T modulation duration (of the ramp) 
fs frequency of the transmitted signal 
The ?rst term in equation (1) is proportional to the signal 

propagation time, d/c and the ramp slope F/T. The second 
term corresponds to the Doppler shift of the re?ected signal. 

(1) 
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2 
If only one re?ecting object is present, distance d and 

relative velocity v of this object may be calculated from peak 
frequencies fl and f2, Which are obtained by tWo measure 
ments with different ramp slopes. To that end, the folloWing 
equation system is solved: 

With: 

(1:2 >‘f/c*T for the ?rst ramp, 

[5:2 *f/6 

\{IZ *F/C*T for the second ramp 

Given a plurality of objects, hoWever, ambiguities occur, 
because it is not clear Which peak belongs to Which object. 
In the knoWn method, this ambiguity is eliminated by 
performing tWo additional measurements using a different 
ramp slope. Since the distances and relative velocities of the 
objects change slightly at most Within the time in Which the 
four measurements are performed, the allocation betWeen 
the peaks and the objects must be carried out so that the same 
distances and relative velocities are obtained for the ?rst tWo 
measurements as for the last tWo measurements. This allo 
cation of the peaks to the objects is called matching. 

For practical applications, for example, in an ACC sys 
tem, it is generally necessary to be able to track the measured 
distances and relative velocities of the various objects over 
a longer period of time. Therefore, in a procedure knoWn as 
tracking, the objects measured in one measuring cycle must 
be identi?ed With the objects measured in a preceding cycle. 
This tracking procedure is based on the criterion that the 
distances and relative velocities for each object, measured at 
various times, must yield a plausible and, in particular, 
physically possible movement of the object. 
The US. Pat. No. 5,600,561 discusses a method in Which 

only the distances are measured With the aid of radar, and the 
object velocities are calculated from the changes in distance. 
The distances measured for various objects are allocated to 
the individual objects in such a Way that the neWly recorded 
distance data are consistent With the previously calculated 
velocities. 

In contrast, an FMCW radar has the advantage that the 
relative velocities of the objects can be measured directly. 
HoWever, it is only possible to differentiate various objects 
from each other both With respect to their distances and With 
respect to their relative velocities With a limited resolution. 

SUMMARY OF THE INVENTION 

An object of the present invention is to provide a method 
for measuring distance and velocity using FMCW radar that 
permits improved object resolution. 

This objective may be achieved according to the present 
invention in a method of the type indicated at the outset, in 
that 

each measuring cycle includes not more than three mea 
surements With different frequency ramps, 

for each plausible combination of tWo peaks, of Which one 
Was recorded during a ?rst measurement and the other 
Was recorded during a second measurement of the same 
cycle, the distance and the velocity of one possible 
object represented by these peaks are calculated, 
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the anticipated result of at least one further measurement 
is calculated from the distance and the velocity of the 
possible object, and 

the possible object is discarded if at least one anticipated 
result does not agree With the measured result. 

One reason for the limited resolution capability of FMCW 
radar is that the peaks occurring in the individual spectra 
each have a ?nite Width. In this context, a “blur relation” 
exists betWeen the Width of these peaks and the time 
available for recording the spectra. If, for example, the 
loW-frequency signals are sampled to obtain discrete spectra 
With a number n of sampling values, then sampling time T/n 
(T:modulation duration) is available for each sampling 
value. In this case, the resolution With respect to the distance 
is proportional to modulation amplitude F, and the resolution 
With respect to the relative velocity is proportional to 
modulation duration T. 

Compared to the other method discussed above, the 
exemplary method of the present invention noW has the 
advantage that not four, but rather at most three measure 
ments are performed Within each measuring cycle, so that 
given the same cycle duration, a greater modulation duration 
is available, and better resolution With respect to the relative 
velocity is achieved accordingly. 

Ambiguities in the case of a plurality of objects are 
eliminated in the method according to the present invention 
by linking the matching procedure and the tracking proce 
dure to each other. If m objects are in the locating range of 
the radar, during the ?rst measurement, one obtains peaks at 
the frequencies f(l,i), iIl . . . m, and during the second 

measurement, peak frequencies f(2,j), jIl, . . . , m are 

obtained. Each pair (i, j) of peaks is regarded as a possible 
object Which can be assigned a distance di,j and a relative 
velocity vi,j. From the distance and relative velocity data 
thus obtained for each possible object, it is possible to 
calculate What result ought to be anticipated for this object 
in a further measurement. Depending on the embodiment 
variant of the method, this further measurement may be a 
distance and velocity measurement in a different measuring 
cycle or a third measurement Within the same cycle, using a 
ramp slope different from the tWo ?rst measurements. The 
anticipated result is then compared to the result actually 
obtained during the further measurement, and if these results 
do not match, the object in question is discarded. Therefore, 
only the distance and velocity data remain for those peak 
pairs Which correspond to real objects. 

In one speci?c embodiment, the measuring cycle includes 
only tWo measurements With equal and opposite ramp 
slopes. In the case of the given cycle duration, the modu 
lation duration is then tWice as great as for the conventional 
methods Which Work With four measurements. Accordingly, 
the resolution With respect to the relative velocities is 
improved by a factor of 2. Another advantage is that all 
measurements may be performed With a maximum fre 
quency deviation, in Which the available frequency range of 
the microWave transmitter is fully utiliZed. Correspondingly, 
a maximum resolution With respect to the distance is also 
achieved in each measurement, While When Working With 
the conventional method, tWo of the four measurements had 
to be performed With a smaller ramp slope, and accordingly, 
With a smaller frequency deviation. Overall, therefore, given 
a relatively small cycle durationiand correspondingly high 
time resolution in the object search and object trackingia 
high resolution may be achieved both With respect to the 
distance measurement and With respect to the relative 
velocity measurement. 
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4 
In this speci?c embodiment, the further measurement, 

Whose result is compared to the anticipated result, is a 
distance and relative-velocity measurement in an earlier or 
later measuring cycle. The agreement of the results then 
means not only that the possible object in question is a real 
object, but at the same time means that the object Was also 
identi?ed With an object in the earlier or later measuring 
cycle, so that the tracking procedure Was successful. 

For example, from the distance measured in the current 
cycle and the appertaining relative velocity, it is calculated 
What distance the same object Would have to have had in the 
immediately preceding measuring cycle. In so doing, it may 
be assumed in the simplest case that the change in relative 
velocity is negligibly small from measuring cycle to mea 
suring cycle. 

Alternatively, hoWever, an expanded tracking procedure 
may also be used, in Which not only the immediately 
preceding measuring cycle, but rather a larger number of 
previous measuring cycles is taken into account. It is pos 
sible that, because of interference effects, no echo Was 
received from a real object Within a single measuring cycle. 
In this case, the expanded tracking procedure With consid 
eration of a plurality of measuring cycles offers the advan 
tage that the object can nevertheless be recogniZed as a real 
object and successfully tracked. 

Instead of calculating the anticipated distance and the 
anticipated relative velocity of the object for a previous 
measuring cycle and comparing them to the actually mea 
sured values, in a modi?ed speci?c embodiment, it is also 
possible, from the data measured in the instantaneous cycle, 
to directly calculate the frequency at Which the peak for this 
object ought to be found in the other (earlier or later) cycle. 
The result can then be very easily veri?ed by speci?cally 
searching for a peak at this location. An expanded tracking 
With consideration of a plurality of measuring cycles is 
possible in this variant, as Well. 

In the speci?c embodiment of the method Which Works 
With three measurements Within one measuring cycle, the 
third measurement Which may have a greater modulation 
duration than the tWo ?rst measurements. In this Way, a 
particularly high resolution With respect to the relative 
velocity is achieved especially in the third measurement. It 
is again possible to also Work With maximum frequency 
deviation in the third measurement, so that here as Well, a 
maximum distance resolution is achieved in all measure 
ments. 

This speci?c embodiment may also be combined With the 
tracking, taking into account the immediately preceding 
measuring cycle or a plurality of preceding measuring 
cycles. For example, it can be required for real objects that 
the corresponding frequency Was measured in tWo succes 
sive measurements in all three spectra. Alternatively, hoW 
ever, this method may also be combined With the tracking in 
such a Way that the con?rmation as to Whether a real object 
is involved is carried out depending on the situation With the 
aid of the simple tracking, With the aid of the third frequency 
ramp, or With both. In this context, the third ramp and the 
tracking may also be linked by “or”, so that an object is 
recogniZed as real if only one of the anticipated results is 
con?rmed, be it the result for the previous measuring cycle 
or the result for the measurement With the third frequency 
ramp. An expanded tracking With consideration of more than 
tWo measuring cycles is possible in all combinations When 
Working With these variants, as Well. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 shows a frequency/time diagram for clarifying the 
functioning method of an FMCW radar. 

FIG. 2 shows examples for spectra that are recorded using 
the FMCW radar. 

FIG. 3 shows a diagram for clarifying a method for 
determining the object distance. 

FIG. 4 shows a diagram analogous to FIG. 3, but for a 
larger frequency deviation of the radar signal. 

FIG. 5 shows a diagram for clarifying a method for 
determining the relative velocities of objects. 

FIG. 6 shows a diagram analogous to FIG. 5, but for a 
larger frequency deviation of the radar signal. 

FIG. 7 shows a ?ow chart for clarifying the general 
principle of a ?rst speci?c embodiment of the method 
according to the present invention. 

FIG. 8 shows a detailed ?ow chart of the method accord 
ing to FIG. 7. 

FIG. 9 shows a ?ow chart of a subroutine in the method 
according to FIG. 8. 

FIG. 10 shows an exemplary embodiment for a further 
subroutine in the method according to FIG. 8. 

FIG. 11 shows another exemplary embodiment for a 
further subroutine in the method according to FIG. 8. 

FIG. 12 shows a ?ow chart for a modi?cation of the 
method according to FIG. 8. 

FIG. 13 shows an example for a subroutine in the method 
according to FIG. 12. 

FIG. 14 shows another example for a subroutine in the 
method according to FIG. 12. 

FIG. 15 shops a frequency/time diagram for another 
speci?c embodiment of the method. 

FIG. 16 shows a ?owchart for a variant of the method 
according to FIG. 15. 

FIG. 17 shows a ?owchart for another variant of the 
method according to FIG. 15. 

FIG. 18 shows a ?owchart for another variant of the 
method according to FIG. 15. 

DETAILED DESCRIPTION 

According to FIG. 1, when working with an FMCW radar, 
radar waves are continually emitted with variable frequency 
f5. Curve 10 drawn in bold indicates the time dependency of 
frequency fs. This frequency is varied periodically according 
to a ramp function having a rising ?rst ramp 12 and a falling 
second ramp 14. Ramps 12, 14 belong to two measurements 
M1 and M2, which are repeated cyclically. The ramps for 
both measurements have the same frequency deviation F and 
identical modulation durations T1 and T2, and consequently 
their slopes are equal and opposite. 

Frequency curve 16 for the associated radar echo of a 
single object is shown with a broken line. This curve has the 
same ramps 18 and 20, but with a time shift At, which is 
given by the object distance, and with a frequency shift Af 
determined by the Doppler shift. 

In the radar sensor, the emitted wave is mixed with the 
received radar echo, so that a low-frequency beat signal (LF 
signal) is obtained having a frequency f which corresponds 
to the frequency difference between the emitted waves and 
the received waves. During each measurement M1, M2, a 
frequency spectrum is recorded from this beat signal, eg by 
rapid Fourier transform. 

FIG. 2 shows examples for two frequency spectra 22, 24 
obtained in the two measurements M1 and M2 when a single 
object, eg a preceding vehicle, is located in the radar 
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6 
locating range. In this case, each spectrum has a peak with 
an apex at the peak frequency fl and f2, respectively, which 
corresponds to the frequency difference of curves 10 and 16 
on respective ramps 12 and 18 or 14 and 20. The frequency 
difference is substantially dependent on the product of time 
shift At (signal propagation time) and the ramp slope; 
however during rising ?anks 12, 18, it is reduced by the 
Doppler frequency, whereas during falling ?anks 14, 20, it 
is increased by the Doppler frequency (given positive Dop 
pler shift to greater frequencies, corresponding to an 
approach of the radar target). The average value of frequen 
cies fl and f2, at which the two peaks 22, 24 lie in FIG. 2, 
therefore corresponds to the signal propagation time, and 
thus indicates distance d of the object, while half the 
difference between these two frequencies indicates the Dop 
pler shift, and therefore the amount and algebraic sign of 
relative velocity v of the object. Relative velocity v is 
proportional to (fl—f2)/2. 

During the duration of a single measurement M1 or M2, 
the frequency of the LF-signal whose spectrum is shown in 
FIG. 2 is largely constant. Nevertheless, even given sharply 
de?ned object distances d and relative velocities v, peaks 22, 
24 have a certain width which, because of the properties of 
the Fourier transform, is approximately inversely propor 
tional to the measuring time. On its part, the measuring time 
available is proportional to modulation duration T1 and T2, 
respectively. 
When, in the radar locating range, there are two objects 

whose peaks are so close to each other that their distance is 
small in relation to the width of the peaks, then the corre 
sponding peaks in the spectrum can no longer be resolved, 
and consequently both objects can no longer be di?‘erenti 
ated from each other. The more sharply the peaks are 
de?ned, i.e., the greater the modulation durations T1, T2, the 
better the resolution is. 
The resolution with respect to the object distance may be 

improved by enlarging frequency deviation F. This shall be 
clari?ed with reference to FIGS. 3 and 4. 

In FIG. 3, in addition to curve 10, curves 26, 28 of two 
radar echoes, which are received from two different objects, 
are drawn in. For each curve 26, 28, differences D26 and 
D28, respectively, between the peak frequencies are indi 
cated on the ?rst and second ramp. This difference is 
independent of the Doppler shift, and therefore solely rep 
resents the propagation time, and thus object distance d. 

FIG. 4 shows the same for a larger frequency deviation F. 
One can see that here, differences D26 and D28 are enlarged 
proportionally to the frequency deviation, so that the peaks 
can be differentiated more clearly. The same spread of 
differences D26 and D28 could also be achieved by reducing 
the modulation durations and leaving frequency deviation F 
unchanged, so that the same ramp slopes are attained as in 
FIG. 4. However, the larger spread would then not lead to a 
higher resolution, since because of the shorter measuring 
duration, the peaks would widen accordingly. The decisive 
parameter for the resolution of the distances is therefore 
frequency deviation F. In the example described here, in 
both measurements M1 and M2, use is made of the maxi 
mum frequency deviation achievable based on the design of 
the radar device. 

FIGS. 5 and 6 illustrate that no better resolution with 
respect to the relative velocities can be achieved by increas 
ing frequency deviation F. In FIG. 5, sums S26 and S28 of 
the frequency differences are indicated on the two ramps for 
the two curves 26 and 28. The distance-dependent propa 
gation-time differences have the exactly opposite effect on 
the frequency difference in the two ramps, and therefore 








